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Abstract 

A  contribution  to  the  understanding  of  the  complex  behaviour  of  the  cathode  in  molten  carbonate  fuel  cells,  focussing  on  the  oxygen 
reduction  mechanism  and  the  lithiation  process,  is  presented  in  this  paper.  As  a  first  step,  the  thermodynamic  stability  ranges  of  oxygen  and 
nickel  species  are  established.  The  electrochemical  behaviour  of  superoxide  and  oxide  species,  unstable  in  the  carbonate  melt  but  locally 
created  in  the  diffusion  layer,  is  investigated  according  to  the  acidity  conditions.  Nickel  recovered  in  situ  by  nickel  oxide  is  analysed  by 
X-ray  diffraction  and  voltammetric  techniques.  The  lithiation  and  dissolution  of  nickel  oxide  are  more  particularly  described. 
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1.  Introduction 

The  improvement  of  the  lifetime  of  molten  carbonate  fuel 
cells  ( MCFCs)  requires  a  better  understanding  of  iwo  impor¬ 
tant  aspects  occurring  at  the  cathode:  (i)  the  oxygen  reduc¬ 
tion  mechanism,  and  ( ii )  the  corrosion  of  the  state-of-the-art 
nickel  cathode  recovered  by  nickel  oxide. 

Although  it  is  well  known  that  the  reduction  process 
involves  reduced  oxygen  species,  such  as  02“,  022  (or 
O”),  there  are  several  controversial  interpretations  in  the 
literature,  see  Refs.  [1,2].  On  the  one  hand,  we  have  postu¬ 
lated  that  this  complexity  could  be  due  to  the  fact  that,  under 
the  acidic  MCFC  conditions  (high  pC02),  these  species  do 
not  exist  quantitatively  in  the  bulk  of  the  molten  eutectic 
because  of  their  thermodynamic  instability.  On  the  other 
hand,  we  have  characterized  in  most  of  the  carbonate  eutectics 
the  redox  systems  relative  to  these  species  in  basic  conditions 
under  very  low  /;C02. 

The  electrochemical  behaviour  of  the  NiO/Ni  cathode  has 
been  investigated  by  different  authors,  mostly  in  Li2C03- 
KX03  melts  [3-7],  in  LiX0,-Na2C03  [8,9],  and  in 
LiX03-Na2C03-KX03  in  the  authors’  laboratory  [10]. 
Nevertheless,  the  determination  by  electrochemical  tech¬ 
niques  of  the  NiO  solubility  and  a  precise  description  of  the 
lithiation  phenomenon  have  not  yet  been  achieved  in  LiXO.r- 
KXO,  eutectic. 
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Our  principal  aim  in  this  work  was  to  establish,  in  the  acidic 
MCFC  conditions,  a  general  frame  for  the  study  of  the  two 
mentioned  aspects  affecting  the  cathode  behaviour  in 
LiX03-K2C03  eutectic.  Different  methods  have  been  used: 
(i)  thermodynamic  predictions  of  the  stability  domains  of 
oxygen  and  nickel  species;  (ii)  voltammetric  studies  of  the 
redox  systems  relative  to  oxygen  reduction  and  lithiated 
nickel  species,  and  (iii)  X-ray  diffraction  analysis  in  order 
to  give  experimental  evidence  for  the  formation  of  lithiated 
nickel  oxide. 


2.  Thermodynamic  predictions 

Thermochemical  data  for  oxygen  and  nickel  species  were 
extracted  from  the  literature  [11-14].  Stability  domains  of 
oxygen  and  nickel  species  were  established  as  a  function  of 
the  acidity  of  LiX0,-KX03  eutectic,  as  described  in  pre¬ 
vious  papers  [  1 , 10] .  As  no  data  were  found  concerning  lith¬ 
ium-nickel  and  potassium-nickel  compounds,  they  were  not 
considered  in  the  potential-acidity  diagrams. 

Fig.  1  shows  a  potential-acidity  diagram  of  the  binary 
eutectic  at  650  °C.  The  limits  reported  are:  oxidation  (02, 
022  orO,-  formation),  basicity  (Li20  saturation)  and  acid¬ 
ity  (pC02  at  1  atm).  The  reduction  limit  was  omitted.  Under 
standard  conditions,  molecular  oxygen  (p02  ~  1  atm)  is  sta¬ 
bilized  under  high pC02  (acidic  media)  and  02  2“  (activity: 
1 )  under  very  low  pC02  ( basic  media) .  At  pC02  0. 1  atm,  in 
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Fig.  1.  Electrochemical  stability  domain  of  oxygen  species  in  molten 
LUCO^-KjCO,  (42.7-57.3  mol%)  at  650  eC  calculated  from  thermo- 
chemical  data  1 1 U2]. 

the  usual  conditions  of  MCFCs,  neither  peroxide  nor  supe¬ 
roxide  species  can  be  stabilized  even  for  activities  as  low  as 
10  ~4.  Nevertheless,  these  species  could  be  present  al  very 
low  activity  values:  10“ 5  for  peroxide  and  10~7  for 
superoxide. 

Fig.  2  represents  the  stability  domains  of  nickel  species, 
excluding  the  lithiated  compounds.  Although  NiO  is  stable 
whatever  the  acidity  level,  a  small  dissolution  can  be  observed 
in  acidic  media  (NiCO,  at  an  activity  of  about  10“  *). 


3.  Experimental 

Lithium-potassium  molten  carbonates  (42.7-57.3  m/o,  or 
62-38  m/o),  lithium  oxide  and  potassium  superoxide  were 
prepared  from  Merck  reagents  of  analytical  purity  (  >  98%). 
Nickel  carbonate  was  a  Sirem  Chemicals  Inc.  reagent.  Elec¬ 
trochemical  measurements  were  performed  with  an  Electro 
Kemat  potent ios tat ic  system  (E.K.  E390  Model)  controlled 
by  an  IBM/PS2.  X-ray  diffraction  was  carried  out  with  a 
CGR  type  Theta  60  diffractometer  using  a  Co  Ka  radiation 
( A  -  1 .789  A).  The  working  microelec  trades  were  goid  pla¬ 
nar  discs  with  a  diameter  between  I  and  1 .6  mm  or  a  nickel 
wire  with  a  diameter  1  mm.  Gold  ultramicroelectrodes  with 
a  diameter  200  p,m  were  described  in  Ref.  [15).  The  refer- 
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Fig.  2.  Electrochemical  stabiliiy  domain  of  nickel  species  in  molten  LUCO,- 
KjCO,  (62-38  mol%)  at  650  °C  calculated  from  thermochemicul  data 
111-141. 

ence  electrode  was  a  silver  wire  dipped  into  an  Ag2S04  ( 10 " 1 
mol  kg  “ 1 )  eutectic  melt.  Electrochemical  cell  and  experi¬ 
mental  procedures  were  fully  described  in  Refs.  [1,10]. 


4.  Electrochemical  characterization  of  oxygen  systems 

In  Fig.  3,  voltammograms  are  reported  in  LijCC^-KjCO.i 
(62-38),  under  pC02  =  1  atm  for  different  start  potentials. 
The  reduction  current  at  about  -0.1  to  0.1  V  versus  Ag+/ 
Ag  is  related  to  the  anodic  limit  due  to  the  carbonate  oxida¬ 
tion.  When  the  start  potential  is  lower  than  0  V,  no  reduction 
current  was  observed.  On  the  contra: y,  the  current  increases 


-0.2  0.1  0  0.1  E(V/Ag*/Ag) 

Fig.  3.  Cyclic  voliammograms  at  a  gold  ultramicroelecirode  (surface  area 
(5)  =  I.26X  10'-’  enr)  in  molten  LijCOi-KiCO.i  (62-38  mol%)  at  650 
°CandpCOj=l  aim  for  differem  start  polenlials:  (a)  0.15  V;  (b):0.l0  V; 
<c)  0.05  V.  and  (d)  0.00  V  vs.  AgT/Ag>;  *»  =  0.l  V  s" 
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Table  1 

Standard  potentials  £*(  V)  of  oxygen  systems  at  650  °C  calculated  from  thermochemical  data  111.121-  Reference  Li>Q/ O, 


0,/LLO 

LiQj/l  :.0 

Li,0,/Li,0 

LiOJLUO, 

Li,CO,/LiO, 

Li,CO,/Li,C), 

Li2C0,/02 

0.00 

0.280 

-0.080 

1.000 

0.694 

0/60 

0.424 

Fig.  4.  Development  of  cyclic  voltammograms  at  a  gold  electrode 
(5=2.01  x  10“ 3 cm2)  in  molten Li2CO»-K2CO,  (42.7-57.3  mol%)  at 650 
°C  and  pCO,  *» 0. 1  atm  +■  /jO,  =  0.9  atm  for  scan  rates,  i*.  of  0.2, 0.8  and  1 .6 
Vs"’;  start  potential  ■=  0. 1 8  V  vs.  Ag  *  / Ag. 

with  increasing  values  of  the  start  potential.  This  tends  to 
prove  that  the  reduced  species  proceeds  from  solvent  oxida¬ 
tion  and  do  not  exist  significantly  in  the  bulk  of  the  molten 
eutectic.  It  has  been  suggested  in  the  literature  [  1 1  that  the 
species  responsible  for  this  reduction  current  is  cither  a  supc- 
roxide  or  a  peroxide  species,  probably  created  in  the  diffusion 
layer  by  the  reaction  between  molecular  oxygen,  produced  at 
the  anodic  limit,  and  carbonate  ions.  The  same  behaviour  was 
observed  under  /jCO:  =  0.1  alm4-pO2  =  0.9  atm  and  in 
Li2C03-K2C03  (42.7-57.3). 

The  development  of  cyclic  vollammograms  in  the  last  men¬ 
tioned  eutectic  for  different  scan  rates  is  reported  in  Fig.  4. 
The  plot  of  the  reduction  current  with  -J v  is  linear,  indicating 
that  it  is  diffusion  controlled.  According  to  the  calculated 
thermodynamic  standard  potentials  given  in  Table  1  and  to 
the  fact  that  addition  of  potassium  superoxide  in  the  melt 
increased  this  current,  it  should  be  attributed  to  superoxide 
species. 

The  value  of  the  half  reduction  peak  width  for  a  non-unit 
order  system  ( Ox  4-  ne  <=»  2Red )  [  I  ]  is  in  agreement  with  the 
hypothesis  of  a  three-electron  reversible  process.  Therefore, 
the  reduction  can  be  described  as: 

02~  +  3e“  «202'  (1) 

followed  by  the  slow  neutralization  of  oxide  ions: 
O2  '  +  C02  C032  “  ( the  rate  constant  of  this  reaction  is  low 

enough  to  consider  that  C02  docs  not  participate  in  the  reduc¬ 
tion  mechanism  [  1 1 ). 

Fig.  5  represents  the  development  of  cyclic  voltammo- 
grams  in  Li2C0,-K2C03  (42.7-57.3)  after  addition  of 
5X  10-s  mol  of  Na202.  An  electrochemical  system  appears 
with  a  reduction  peak  current  at  —0.39  V  versus  Ag  '  /Ag 
and  an  oxidation  peak  current  at  -0.26  V  versus  Ag  ^  /  Ag. 
The  reduction  current  was  attributed  to  the  peroxide  species, 
which  is  in  accordance  with  results  in  basic  media,  see  Ref. 


E  (V/AgVAg) 

Fig.  5.  Development  of  cyclic  voltammograms  at  a  gold  electrode 
(5=2.01  x  10" 2  cm2)  in  molten  Li, CO.-K^CO,  ( 42.7-57.3  mol%>  at  650 
°C  and  pCQ*  =  0. 1  atm  +  />0:  =  0.9  atm  after  addition  of  5X|0~*  mo! 
Na20::  (a)  4  min:  (b)  6  min,  and  (e)  8  min;  si  art  potential  =  0  V  vs.  Ag'/ 
Ag. 

[  1  ] .  This  current  decreased  with  the  slow  neutralization 
(5  x  10  ”  f‘  mol  s'  1 )  of  peroxide  species  with  C02.  Analysts 
of  the  redox  system  is  in  agreement  with  a  reversible  second- 
order  non-unit  reaction: 

023'  +2e  ~202‘  (2) 

followed  by  the  slow  neutralization  of  oxide  ions. 

5.  Electrochemical  characterization  of  nickel  species 

Fig.  6  represents  the  open-circuit  potential  (OOP)  of  a 
nickel  foil  dipped  in  Li2C03-K2C03  ( 62-38)  at650°C  under 
pC02  =  0. 1  atm  +p02  =  0.9  atm.  The  potential  was  initially 
about  -  0.90  V,  which  may  correspond  to  the  NiO/Ni  sys¬ 
tem.  Then  the  nickel  surface  was  recovered  with  NiO  and  the 
potential  increased,  probably  because  of  the  influence  of  a 
lithict  .on  process  [3,10],  The  potential  reached  a  stable  value 

Time  (h) 


Time  (s) 

Fig.  6.  Open-circuit  potential  of  an  nickel  electrode  in  molten  LLCO,- 
KXO.t  (62-38  mol%)  at  650  °C  andpCO.  =  0.1  atm  +  />O,  =  0.9alm. 
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Fig.  7.  X-ray  diffraction  pattern  of  an  nickel  foil  after  treatment  in  molten 
Li2CO,-K2CO,  (62-38  mo\% )  at  650  °C  under pC02  =  0. 1  atm+pO,  =  0.9 
atm:  (A)  general  diffraction  pattern,  and  (B)  detail. 

after  32  min  which  means,  according  to  Nishina  et  al.  [3], 
that  the  lithium  insertion  in  the  NiO  lattice  should  be  totally 
achieved.  After  this  OCP  treatment,  the  nickel  foil  was 
removed  from  the  molten  carbonate,  air-cooled,  rinsed  [16] 
and  characterized  by  X-ray  diffraction.  Ni  and  NiO  lines  are 
reported  in  Fig.  7(a).  Three  other  lines  (102),  (110)  and 
(220),  identified  in  the  X-ray  pattern,  correspond  to  the  lith- 
iated  compound:  Li*Ni|  _*0  { 17,18].  Line  ( 104),  relative  to 
the  lithiated  compound,  is  partially  masked  by  line  Ni(  111), 
as  shown  in  Fig.  7(b). 

The  electrochemical  behaviour  of  a  nickel  electrode  in  the 
same  eutectic,  under  the  same  conditions,  is  shown  in  Fig.  8. 
A  complex  reduction  current  is  observed  with  the  principal 
component  al  —  1 .22  V.  The  associated  oxidation  current, 
also  complex,  is  located  al  about  —  1 .02  V.  The  principal 
reduction  and  oxidation  peak  currents  were  plotted  as  a  func¬ 
tion  of  the  scan  rate.  These  plots  are  linear  versus  v  when 
v<  1  Vs”1  (homogeneous  difusion)  and  linear  versus  fv 
when  »> >  2  V  s  " 1  (semi-infinite  diffusion).  This  behaviour 
is  characteristic  for  an  intercalation  process,  according  to 
Armand  et  al.  [19].  The  electrochemical  system  involved 
could  be  probably  described  as: 

(3) 


-30 

-1.6  -1.4  -1.2  -1.0  -0.6  -0.6 
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Fig.  8.  Cyclic  voltammogram  at  a  nickel  electrode  in  molten  Li2CO,-K2COj 
(62-38  mol%)  at650*C  and/>CO3  =  0.I  atm  + />03  =  0.9  atm;  v=0.05  V 
s” l;  start  potential  =  -  0.6  V  vs.  Ag*/Ag. 


Fig.  9.  Cyclic  voltammogram  at  a  gold  electrode  (5:  2.01  X  I0~J  cm3)  in 
molten  Li2C0,-K:C03  (42.7-57.3  moFfr )  at  650  °C  under  pC03=  1  atm 
after  dipping  an  nickel  foil  for  24  h;  v  =  0.8  V  s  _ start  potential  —  -  0.3  V 
vs.  Ag*  / Ag. 

with  an  electrochemical  intercalalion-deintercalation  proc¬ 
ess.  Further  voltammetric,  impedance  spectroscopy  and 
structural  studies  are  necessary  to  confirm  this  hypothesis. 

Another  system,  at  higher  potentials,  was  observed  with  a 
gold  electrode,  as  shown  in  Fig.  9,  when  a  nickel  foil  was 
previously  dipped  during  24  h  under  pC Oz  =  1  atm  in 
Li2C0v-K2C03  (42.7-57.3).  The  reduction  peak  current 
occurred  at  —  0.59  V  and  the  oxidation  peak  current  at  -  0.46 
V.  The  same  reduction  current  appeared  at  a  gold  electrode 
when  a  Ni(Il)  salt  was  added.  The  plot  of  the  reduction 
current  versus  J  v  is  linear  indicating  that  the  reduction  proc¬ 
ess  is  diffusion  controlled.  The  peak  potentials  are  constant 
whatever  the  scan  rate,  showing  that  the  redox  system 
involved  is  reversible.  The  value  of  the  half  reduction  peak 
width  (£p  -  £p/2  =  0. 1 75  In  at  650  °C  [  201 )  is  in  accordance 
with  a  two-electron  reversible  process.  As  wc  have  demon¬ 
strated  in  Li2C03-Na2C03-K2C03  eutectic  [  10] ,  this  system 
is  relative  to  Ni2  +  /Ni.  The  NiO  solubility  was  determined  at 
saturation  of  the  melt  from  the  slope  of  Ip  versus  fv.  The 
value  obtained  is  1.02X  10-3  mol  kg-1.  This  result  is  very 
close  to  that  obtained  in  the  same  melt  by  atomic  absorption: 
1.13x10  3mol  kg-1  [21]. 

6.  Conclusions 

A  first  approach  has  been  made  to  understanding  the  com¬ 
plex  behaviour  of  the  oxygen  reduction  mechanism  and 
nickel  species  in  Li2C03-K2C03  at  650  °C. 


Li*Ni ,  _  *0  +  zLi 4  +  ze  «■  Li*  +  .Ni ,  _  *0 
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In  the  acidic  conditions  used  in  MCFCs,  we  have  shown 
that  the  reduced  oxygen  species  are  thermodynamically 
unstable  but  they  may  be  present  in  the  diffusion  layer.  A 
three-electron  reversible  reduction  of  superoxide  into  oxide 
species,  followed  by  a  slow  neutralization  withC02,  has  been 
proposed  as  the  most  plausible  mechanism. 

Lithiation  of  nickel  oxide  has  been  characterized  by  spec¬ 
troscopic  and  electrochemical  techniques  under  p( C02)  — 
0. 1  atm  +p(  02)  =  0.9  atm.  A  hypothesis  has  been  formulated 
based  on  the  electrochemical  reduction  of  the  Li^Ni,  _  40.  The 
solubility  of  NiO  has  been  determined  under  pC02=  1  atm. 
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